Introduction {#sec1}
============

During the past decade, extensive research has been conducted to evaluate the emissions and environmental concentrations of microplastics worldwide. A few studies considered micronized particles released from car tires as part of microplastic pollution and concluded that they constitute a significant global source of microplastics.^[@ref1]−[@ref3]^ This fact, together with concerns raised by governmental institutions and the general public about potential adverse effects of particles released from car tires, brings out the need to quantify the amount of car tire particles in the environment and to evaluate their bioavailability and effects on biota.^[@ref2],[@ref4]−[@ref6]^

Depending on the generation process and their composition, different car tire particle types are formed. Tread particles (TP) originate from the grinding or abrasion of a tire tread,^[@ref7]^ which include the finely crushed rubber particles made from old car tires that are commonly used in synthetic turf fields.^[@ref4]^ Tire wear particles (TWP) can be released into the environment as a result of the mechanical abrasion of car tires with the road surface.^[@ref8]^ Although rubber is the main constituent of car tires, sulfur and zinc oxide are added during the vulcanization process, black carbon or silica are added as fillers, and oil is added to increase the wet grip performance.^[@ref2]^ Besides these general additives, tires can contain other additives depending on their specific properties defined by the application.^[@ref2],[@ref5]^ In aquatic systems, chemicals may leach out into the aqueous phase at different rates depending on the environmental conditions (temperature, pH, and salinity) and the composition and size of the particles.^[@ref5],[@ref9],[@ref10]^ For instance, total zinc content has been found to be three times higher in TP than in TWP.^[@ref7]^ Different release rates can lead to differences in chemical bioavailability and to complex mixture effects.

TWP released from car tires and old tire TP used as infill in artificial turfs are the most important sources for micronized rubber particles in the environment.^[@ref2]^ Whereas microplastic detection methods have evolved considerably over the past decade,^[@ref11]^ the methodology used to quantify the amount of car tire particles in the environment is still limited. Car tire particle concentrations in water and sediments are estimated based on chemical markers, such as benzothiazoles or zinc, or the rubber type,^[@ref9]^ markers that are unable to distinguish between TP and TWP, and may include chemicals from other environmental sources.^[@ref5]^ Concentrations in biota have never been measured, probably because their levels are below the detection limits. No laboratory studies on the ingestion of TWP or TP are available either. Car tire particle concentrations have been measured in surface waters (0.09--6.3 mg/L) and sediments (0.3--155 g/kg dry weight).^[@ref12]−[@ref17]^ This indicates that part of the car tire particles entering the surface water may sink to the sediment compartment due to their higher density.^[@ref18]^

To date, effect studies done on aquatic biota have mostly focused on the evaluation of the effects of car tire leachates, which were often extracted under conditions forcing chemical release, such as high temperatures and low pH values.^[@ref9]^ Some of the leachates were prepared using whole tires,^[@ref19],[@ref20]^ whereas others were extracted from TP or TWP,^[@ref10],[@ref21]−[@ref23]^ which seems to be more toxic, probably due to a faster release of chemicals from smaller particles.^[@ref9]^ Although studying the effects of elutriates extracted from car tire particles may be useful for screening level assessments, evaluating the effects of car tire particles in water or sediment under natural conditions is more environmentally realistic.^[@ref24]^ For instance, earlier studies showed negative effects of car tire TP on the development of *Rana sylvatica* larvae at a concentration of 83.8 g/kg of sediment dry weight.^[@ref25]^ In contrast, no effects of 10 g of TRWP per kg of sediment dry weight were found for the amphipod *Hyalella azteca* and the larvae midge *Chironomus dilutus*.^[@ref24]^

Knowing that sediments accumulate settling car tire particles, their bioavailability and effects on benthic macroinvertebrates should be evaluated. Moreover, for a proper assessment of the risks of car tire TP, not only environmentally realistic conditions and concentrations should be used, but also a systematic setup should be followed in order to ensure the comparability among species. In the present study, chronic effects of car tire TP were evaluated for four freshwater benthic macroinvertebrates: the amphipod *Gammarus pulex*, the isopod *Asellus aquaticus*, and the worms *Tubifex* spp. and *Lumbriculus variegatus.* We used a standardized setup, previously used to evaluate the effects of polystyrene microplastics on the same species.^[@ref26]^ Effects were assessed using a wide range of environmentally relevant concentrations of car tire TP, under environmentally realistic conditions. Additionally, for the first time tread particle ingestion and egestion were investigated. This was done for *G. pulex* by quantifying the amount of particles in their body and in faces at the end of the experiment. Here, *G. pulex* was used as a model invertebrate species for ingestion, as it was demonstrated to be sensitive to ingested microplastic exposure in an earlier work.^[@ref26]^ We developed a method in order to be able to assess TP particles inside organisms, which included testing the resistance of TP rubber materials to animal tissue digestion fluids and developing an image analysis approach for quantifying ingested TP particles.

Materials and Methods {#sec2}
=====================

Preparation of Car Tire Tread Particles {#sec2.1}
---------------------------------------

With the purpose of mimicking an environmentally relevant scenario of car tire TP exposure, five second hand tires of various brands were bought in Supervelg (Drunen, The Netherlands) ([Supporting Information (SI) Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf). Using a metal grater, milimiter sized particles were scapped from the first 2 cm of each tire. After freezing the particles with liquid nitrogen to prevent them from burning, they were grinded and sieved over a 500 μm sieve in an Ultra Centrifugal Mill ZM 1000 (Retsch, Germany). A mixture was made by the combination of the five car tires particles at equal weight proportions and this mixture was sieved again over a 500 μm sieve to guarantee any bigger particles being removed.

Characterization of the Car Tire Tread Particles {#sec2.2}
------------------------------------------------

Particle size distribution (PSD) of the car tire TP mixture was measured by laser diffraction using a Mastersizer 3000 (Malvern Instruments), which is capable to measure particle sizes between 0.01 and 3500 μm. Particle shape was examined under an Olympus SZX10 stereomicroscope. Main constituents of the car tire TP were quantified using thermogravimetric analysis (TGA/DSC 3+, Mettler Toledo). Upon heating the sample, the mass loss was determined allowing to distinguish between (i) volatile substances (e.g., plasticizers, that vaporize between 30- 300 °C), (ii) the actual polymer (300--600 °C), (iii) carbon black (600--850 °C), and the residue, which is composed of (iv) inorganic fillers (e.g., zinc oxide).^[@ref27],[@ref28]^ For the combustion of carbon black the gas was switched from nitrogen to air (50 mL min^--1^, see [SI Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf) for instrumental settings). While heating from 300 to 600 °C, the evolved gases were trapped to further characterize comprised polymers. This was done by coupling a cartridge filled with a hydrophilic- lipophilic balanced polymer (HLB, Oasis Water Corporation, Milford, MA) directly to the TGA. Trapped decomposition products were extracted by flushing with 2 mL of Dichlormethane (DCM, Honeywell Research Chemicals, U.S.) of which 2 μL were injected manually in a gas chromatograph coupled to a mass spectrometer (GC--MS, Agilent Technologies, [SI Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)). Characteristic mass spectra of the decomposition products (pyrolysates) of polymers typically used in tire production were taken from literature ([SI Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)).^[@ref29],[@ref30]^ Their presence was used to identify polymers incorporated in the car tire TP. Finally, the total amount of zinc was quantified. The inorganic residues (120 mg) were exposed to microwave acid extraction using 13% nitric acid (Merck, Suprapur), heated under pressure and kept at temperatures between 133 and 163 °C for 30 min. Subsequently, the sample was filtered and the total amount of zinc was determined using ICP--MS (X Series 2, Thermo Fisher Scientific) ([SI Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)).

Sediments {#sec2.3}
---------

Freshwater sediments were collected with a standard dip net at Veenkampen (Wageningen, The Netherlands) in December 2016. Previous studies have shown that PAH background concentrations at this location are below toxicity thresholds.^[@ref26],[@ref31]−[@ref33]^ Sediments were sieved, homogenized and placed in a freezer at −20 °C. Prior to the experiments, sediments were thawed and thoroughly homogenized again, and four representative subsamples were taken to determine the percentage of Total Organic Matter (TOM) through loss on ignition (3 h, 550 °C), which was 40 ± 0.8% (*n* = 4). All data are depicted with mean ± standard deviation, unless otherwise stated.

Test Organisms {#sec2.4}
--------------

Following previous procedures,^[@ref26],[@ref31]^*G. pulex* and *A. aquaticus* were collected from a relatively unpolluted brook (Heelsum, The Netherlands) and ditch (Heteren, The Netherlands). *L. variegatus* were obtained from Wageningen Environmental Research (Wageningen, The Netherlands) and *Tubifex* spp. were purchased at a local pet shop. Prior to the experiments, organisms were acclimatized for 1 week in aerated buckets with copper-free Dutch Standard Water (DSW) inside a water bath at 16 ± 1 °C while maintaining a 12:12 light:dark cycle. During the acclimatization, *G. pulex* and *A. aquaticus* were fed with dry poplar leaves that were collected in the field and *Tubifex* spp. and *L. variegatus* were fed with TetraMin fish food pellets.

Experimental Design {#sec2.5}
-------------------

Sediments were spiked to achieve the concentrations: 0, 0.1, 0.3, 1, 3, and 10% of car tire TP dry weight in the total sediment mixture. These concentrations correspond to 0, 1.0, 3.0, 10, 30, and 100 g/kg respectively, which are within the range of measured car tire wear and tear particle concentrations in sediments.^[@ref2]^ Each experimental unit consisted of a 750 mL glass beaker filled with 211 g of the corresponding car tire TP -- sediment mixture. For each concentration, three replicas were made. Two weeks prior to the start of the experiment, beakers were placed in a water bath at a constant temperature of 16 ± 1 °C and aerated. Then, 11 randomly selected individuals from the corresponding species were placed in the experimental units. The starting length of 33 randomly selected individuals from the initial population was assessed as body lengh for *A. aquaticus*, and head capsule (HD in mm) for *G. pulex*, from which total length (TL) was calculated as TL = −2.07 + 9.82 HD.^[@ref34]^ The average size of *G. pulex* and *A. aquaticus* was 4.6 ± 0.8 mm (*n* = 33) and 4.5 ± 0.5 mm (*n* = 33), respectively. The starting dry weight of 33 active adult worms from the initial population of *Tubifex* spp. and *L. variegatus* was determined. The average dry weight per worm was 0.42 ± 0.05 mg (*n* = 33) for *Tubifex* spp. and 1 ± 0.08 mg (*n* = 33) for *L. variegatus*. During the experiments, two poplar leaves discs with a diameter of 3 cm were supplied to the beakers of *G. pulex* and *A. aquaticus* at day 0 and 14. Poplar leaves discs were previously conditioned with DSW for 3 days. No additional food was needed for *Tubifex* spp. and *L. variegatus* due to the high organic matter content of the sediment. Temperature, dissolved oxygen (DO), pH, and NH~3~ were measured in all beakers once a week, whereas conductivity (EC) was measured only at the start and at the end of the experiment. To keep water levels constant, DSW was added weekly until the end of the experiment. Water quality variables remained constant in all beakers along the experiment ([SI Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)). Unionised levels of ammonia decreased along the experiment for all species, reaching an average of 0.03 ± 0.01 mg NH~3~/L (*n* = 12) at the end of the experiment. All un-ionized ammonia levels were always below the LC~50~ values available for these species.^[@ref35]−[@ref37]^

Analysis of Heavy Metals and PAHs in Sediments Mixed with Car Tire Tread Particles {#sec2.6}
----------------------------------------------------------------------------------

Especially heavy metals and polycyclic aromatic hydrocarbons (PAH) are relevant in explaining potential chemical effects from sediments polluted with TP.^[@ref9],[@ref38],[@ref39]^ Therefore, sediments with TP mixed from all treatments were analyzed for heavy metals and PAHs at t = 0. Two extra beakers were prepared the same way and at the same time as the experimental units. After the 2 week acclimatization period, sediments from the two duplicates were mixed and freeze-dried. The total amount of zinc (Zn), sulfur (S), cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), and lead (Pb) were analyzed using microwave acid extraction with ICP-AES and ICP-MS after destruction with HNO~3~--HCl.^[@ref40]^ Additionally, the sediment-TP mixtures were extracted with 0.01 M CaCl~2~ to determine the mildly extractable concentrations as a proxy for bioavailable metal concentrations.^[@ref41]^ Following earlier procedures,^[@ref31]^ PAHs were extracted from the sediment-TP mixtures using accelerated solvent extraction (ASE) and analyzed by HPLC after sample cleanup. Clean-up recoveries for 14 PAH were 91 ± 6%, and ranged from 78 to 98%. Concentrations were corrected for blanks and recoveries. For further details on PAH analysis, the reader is referred to the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf).

Effects on Survival, Growth, and Feeding Rate {#sec2.7}
---------------------------------------------

After 28 days, the content of each experimental unit was sieved over a 0.35 mm sieve. Surviving organisms were collected, counted and transferred to clean DSW to depurate their gut for 24 h, following procedures from previous microplastic ingestion studies.^[@ref42]−[@ref44]^ The number of worms per replicate was used as end point for *L. variegatus* instead of survival, as they reproduced by fragmentation during the experiments.^[@ref45]^*G. pulex* and *A. aquaticus* were preserved in 70% ethanol until their length was measured, which was done in the same way as for the starting population. Growth was determined as the difference in mean length (in mm) of the animals in each replicate at the end minus the mean length from 33 animals at the start of the experiment.The growth of *Tubifex* spp. and *L. variegatus* was determined as biomass increase per replicate by subtracting the average dry weight of the starting population from the average dry weight of the populations at the end of the exposure test. Feeding rate (mg dry weight leaf/organism/d) of *G. pulex* and *A. aquaticus* was calculated from the loss of the added poplar leaves using the equation from Maltby et al., 2002, described in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf).^[@ref46]^

Resistance of Car Tire TP to H~2~O~2~ and Ingestion by *G. pulex* {#sec2.8}
-----------------------------------------------------------------

Surviving individuals of *G. pulex* from controls (TP concentration of 0% sediment dry weight) and the two highest exposure concentrations (3 and 10% car tire TP in sediment dry weight), as well as the faeces excreted by these organisms during the 24 h defeacation period, were analyzed for the presence of car tire TP using 30% H~2~O~2~ to purify the biota samples.

### Resistance of Car Tire TP to H~2~O~2~ {#sec2.8.1}

Prior to the purification of the samples, the resistance of car tire TP to 30% H~2~O~2~ was tested. For this, 80 car tire TP cut from the scrapped sample were distributed in eight porcelain cups and dried in an oven at 40 °C for 72h. The mean dry weight of the particles from each cup (*n* = 10) was measured with a Cubis Micro balance (Sartorius, Germany). Pictures of each particle were taken with a CMEX camera (Euromex, The Netherlands) under an Olympus SZX10 stereomicroscope and the mean particle area (*n* = 10) was measured using ImageJ Software. Four groups of 10 particles were added to glass beakers containing 30% H~2~O~2~ and the other four were added to glass beakers containing Milli-Q water. All glass beakers were placed in a New Brunswick Scientific G25 shaking incubator at 45 °C and 80 rpm for 24 h. After this period, all particles were flushed with water and dried in an oven at 40 °C for 72h. Finally, the mean weight of the particles was measured again and new pictures were taken to calculate the mean particle area.

### Ingestion of TP by *G. pulex* {#sec2.8.2}

Following the protocol by Löder et al., 2017 with modifications,^[@ref47]^ bodies and faeces of *G. pulex* were added to 10 mL of 30% H~2~O~2~ and placed in a New Brunswick Scientific G25 shaking incubator at 45 °C and 80 rpm for 24 h. The presence of car tire TP in bodies and faeces was studied separatelly, whereas bodies and faeces from each individual replica were pooled and treated together. A subsequent Chitinase step was needed for the body samples to remove all chitine leftovers. For this, to remove the 30% H~2~O~2~, each sample was filtered through a stainless steel filter with a mesh size of 10 μm. The residues on the filter were rinsed with 15 mL of phosphate-buffered saline (PBS) solution (pH 5) into a beaker in which 1 mL of Chitinase (EC 3.2.1.14, ASA Spezialenzyme GmbH, Wolfenbüttel, Germany) was added. Samples were placed in a New Brunswick Scientific G25 shaking incubator at 37 °C and 80 rpm for 5 days. Finally, samples were filtered through 25 mm aluminum oxide filters (Anodisc, Whatman, UK) with a pore size of 0.2 μm, which were dried in an oven at 45 °C for at least 48 h. Note that FTIR or Raman microscopy used to identify microplastics in biota, such as in Redondo-Hasselerharm et al., 2018, are not applicable to black particles due to high IR absorption.^[@ref48],[@ref49]^ Therefore, all black particles found on each of the filters were photographed with a CMEX camera (Euromex, The Netherlands) under an Olympus SZX10 stereomicroscope. Particle size was measured using image analysis software (ImageJ). Only particles within the size range of the original TP mixture were accounted. Finally, the number of black particles within the size range of 10--586 μm found in each filter was divided by the number of surviving individuals in the corresponding replicate at the end of the experiment to obtain the number of particles per organism. Blanks were included (*n* = 3) to correct for contamination by particles within the targeted size range. Size frequency of the particles found in bodies and faeces of *G. pulex* at concentrations 3 and 10% were analyzed after measuring their length (in μm) in ImageJ. Following our previously published approach,^[@ref26]^ the number of car tire TP per gram of sediment was calculated from the mass of car tire TP per dose, TP density and the measured particle volume distribution.^[@ref26]^

Statistical Analysis {#sec2.9}
--------------------

Data analysis was done in SPSS 23 (IBM Corp., NY). Generalized Linear Models (GLMs) were applied to study the effects of car tire TP on all end points using the log-transformed concentration as covariate. GLMs were selected based on the data distribution of each end point. One-way ANOVA (*p* \< 0.05) were conducted to determine the effects of car tire TP on the number of worms of *L. variegatus*, the growth of *G. pulex*, *A. aquaticus*, *Tubifex* spp., and *L. variegatus,* and the feeding rate of *G. pulex* and *A. aquaticus.* One-way ANOVA was also used to study differences in the number of car tire TP found in bodies and faeces of *G. pulex* at zero concentration (i.e., the blanks) and the two highest concentrations. Residuals were tested for normality using Shapiro-Wilk test (*p* \> 0.05) and visualized with a Q-Q plot. Variances were tested for homogeneity using Levene's test (*p* \> 0.05). Post hoc multiple comparisons were done using Tukey's and Bonferroni tests. If the assumption of homogeneity of variances was violated, one-way Welch ANOVA (*p* \< 0.05) was conducted. Independent *t* test was applied to compare the average dry weight (mg) and the average area (mm^2^) of the particles before and after the H~2~O~2~ and the H~2~O treatments. The difference in dry weight and area between the particles before and after each treatment was compared between treatments as well.

Results and Discussion {#sec3}
======================

Characterization of Car Tire TP {#sec3.1}
-------------------------------

Particle size distribution of the car tire TP mixture showed an unimodal distribution spanning from approximately 10--586 μm with a modus centered at 239 μm by volume ([SI Figure S1A](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)) and 10.5 μm by number of particles ([SI Figure S1B](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)). This size distribution included previously reported size ranges for TWP and TP.^[@ref7],[@ref50]^ Particle shape was found to be generally angulated ([SI Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)), as described by Kreider et al., 2010 for TP.^[@ref7]^

TGA analysis revealed that the tire mixture comprised of volatile substances (7%), polymeric substances (52.4%), carbon black (6.5%) and inorganic fillers (34.1%) ([SI Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)). Car tire TP were also analyzed individually, revealing a similar composition for all tires used ([SI Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)). Thus, further analyses were only conducted for the car tire TP mixture. The MS data were screened for the presence of decomposition products of polymers typically used during tire production^[@ref29],[@ref51]^ after which methyl-butadiene and dipentene, butadiene and styrene were confirmed ([SI Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)). That implies that the car tire TP consisted of blends of polyisoprene and styrene butadiene rubber (SBR) ([SI Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)). Benzothiazole (indicator *m*/*z* 135), used as a vulcanizator during the tire production, was identified too ([SI Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)). The total amount of zinc was determined for the inorganic tire residues (16.58 g kg^--1^) which corresponds to 5.65 g zinc kg^--1^ tire TP mixture.

Analysis of Heavy Metals and PAHs in Sediments Mixed with Car Tire Tread Particles {#sec3.2}
----------------------------------------------------------------------------------

### Metal Analysis {#sec3.2.1}

Concentrations of Zn, Cd, Cr, Cu, Ni, Pb, and S in the sediment-TP mixtures did not vary among treatments, except for Zn ([SI Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)). This implies that the added TP did not contain sufficient quantities of these elements to cause a measurable change in overall concentrations, except for Zn. The total concentration of Zn in sediments was linearly correlated (*R*^2^ = 0.99) with the nominal concentration of car tire TP in sediment ([SI Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)). The slope of this line represents the Zn added with every extra 1% of TP, which translates into a tire TP mixture Zn content of 6.54 ± 0.37 g/kg. This is only slightly different from the value of 5.65 mentioned above, which is explained from the different digestion and analytical method used. The linearity illustrates the accuracy of the dosing and the mixing. The data show that by adding TP up to 10% dry weight, the sediment background Zn concentration of 75 mg/kg was increased almost 10-fold to 735 mg/kg. The CaCl~2~ extractable (bioavailable) concentrations of Zn, however, were a factor of 1000 times lower than the total amount ([SI Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)), and in fact were below the detection limit and remained at least a factor 30 below the LC~50~ values for *Tubifex* spp. and *L. variegatus* (990.1 μg/kg and 2954 μg/kg, respectively).^[@ref52],[@ref53]^ As for the other CaCl~2~ extractable elements, only S, Cr, and Ni were detected. They also did not increase with increasing car tire TP concentrations in sediment and also remained at nontoxic concentrations. These chemical data already show that TP elutriate tests are not likely to represent ecologically relevant results as they do not account for the limited bioavailability of metals in the sediment mixture.^[@ref10],[@ref21]^

### PAH Analysis {#sec3.2.2}

PAH concentrations did not increase with increasing car tire TP concentrations in sediment ([SI Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)), and PAH concentrations in controls (TP concentration of 0% sediment dry weight) were similar to previously reported PAH concentrations for the same sediment.^[@ref31]^ Therefore, we conclude that PAHs did not leach from the car tire TP to the sediment and did not contribute to the PAH concentration in the systems. This is in agreement with previous studies that also reported a low contribution of TP and TWP to PAH concentrations to the environment.^[@ref7],[@ref54]^ PAHs are not easily extracted even under extreme environmental conditions and its bioavailability is expected to be low.^[@ref5],[@ref7]^ The Sum of PAHs (∑PAH) for all sediment-TP mixtures was at least 2 times lower than the probable effect concentration (PEC) reported by MacDonald et al., 2000, which is 22.8 mg/kg dry weight.^[@ref55]^ Note that outlying PAH concentrations were observed for the lowest TP treatment (0.1%) with factor 10 higher numbers than those for all other treatments and those previously reported for the same sediment.^[@ref31]^ We have no conclusive explanation for the outlier but an incidental contamination may have played a role.

Effects on Survival, Growth, and Feeding Rate {#sec3.3}
---------------------------------------------

Survival in controls (TP concentration of 0% sediment dry weight) was on average 79%, 73%, and 84% for *G. pulex*, *A. aquaticus*, and *Tubifex* spp., respectively. Data analysis with GLM revealed no significant relationship between the survival of *G. pulex*, *A. aquaticus*, and *Tubifex* spp. and increasing car tire TP concentrations in sediment (GLM, *p*~*G. pulex*~ = 0.063; *p*~*A. aquaticus*~ = 0.654; *p*~*Tubifex* spp.~ = 0.692) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). For *L. variegatus*, there was no significant relationship between the number of worms and increasing car tire TP concentrations (GLM, *p*~*L. variegatus*~ = 0.380) and no significant differences were found between car tire TP concentration in sediment and the number of worms at the end of the experiment (ANOVA, *p*~*L. variegatus*~ = 0.084) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). No significant relationship between the growth of *G. pulex*, *A. aquaticus*, *Tubifex* spp., and *L. variegatus* and increasing car tire TP concentrations in sediment was found (GLM, *p*~*G. pulex*~ = 0.554; *p*~*A. aquaticus*~ = 0.470; *p*~*Tubifex* spp.~ = 0.160; *p*~L.variegatus~ = 0.262). No significant differences between car tire TP concentration in sediment and growth were found for *G. pulex*, *A. aquaticus*, *Tubifex* spp., and *L. variegatus* (Welch, *p*~*G. pulex*~ = 0.334; ANOVA *p*~*A. aquaticus*~ = 0.143; *p*~Tubifex spp~. = 0.054; *p*~L.variegatus~ = 0.441) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Mean feeding rates were 0.098 ± 0.023 (*n* = 3) mg d.w./org/d and 0.089 ± 0.029 (*n* = 3) mg d.w./org/d for *G. pulex* and *A. aquaticus,* respectively ([sI Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)). There was no significant relationship between the feeding rate of *G. pulex* and *A. aquaticus* and increasing car tire TP concentrations in sediment (GLM, p ~*G. pulex*~ = 0.520; p ~*A. aquaticus*~ = 0.336) and no significant differences between car tire TP concentration and feeding rate were found for *G. pulex* and *A. aquaticus* (ANOVA, *p*~*G. pulex*~*=* 0.26; *p*~*A. aquaticus*~ = 0.595). No adverse effects were found on the survival and growth of *G. pulex*, *A. aquaticus*, and *Tubifex* spp., and the number of worms and growth of *L. variegatus*. This means that neither the particles themselves nor any of the associated chemicals were toxic at TP concentrations up to 10% sediment dry weight, which complies to the low chemical bioavailability discussed in the previous section. Interestingly, there seems to be a positive trend (GLM *p* = 0.063) between the survival of *G. pulex* and car tire TP concentrations in sediment. However, this could have been caused by the incidental high PAH level at 0.1% and lower survival observed for this treatment.

![Survival of *G. pulex*, *A. aquaticus*, and *Tubifex* spp. and number of worms of *L. variegatus* after 28 days of exposure to car tire TP at increasing concentrations in sediment. Error bars are mean ±1 SD *n* = 3, except for treatment 1% of *Tubifex* spp., where *n* = 2.](es-2018-050358_0002){#fig1}

![Growth of *G. pulex*, *A. aquaticus*, *Tubifex* spp., and *L. variegatus* after 28 days of exposure to car tire TP at increasing concentrations in sediment. Error bars are mean ±1 SD *n* = 3, except for treatment 1% of *Tubifex* spp., where *n* = 2.](es-2018-050358_0003){#fig2}

Our results are in accordance with the findings of Panko et al., 2013, who found no significant adverse effects for benthic invertebrates *H. azteca* and *C. dilutus* after a chronic exposure to 10 g TRWP per kg of sediment dry weight.^[@ref24]^ In contrast, Camponelli et al. 2009 showed that car tire TP with size \<590 μm at 83.8 g/kg of sediment dry weight slowed down the metamorphosis of *R. sylvatica* larvae and zinc accumulated in their tissues.^[@ref25]^ Zinc content in the car tire TP mixture was roughly 0.6% in our study, in comparison to the 1.26% reported by Camponelli et al., 2009. Metal analysis showed that, although zinc content in our sediment was 735 mg/kg at the highest car tire TP concentration, only a small fraction of zinc embedded in the rubber polymer was bioavailable. Several studies are in conformity with this observation.^[@ref10],[@ref56],[@ref57]^ We have two explanations for the differences between our results and those from Camponelli et al., 2009.^[@ref25]^ First, their much longer sediment aging time may have increased desorption and thus chemical bioavailability, leading to more pronounced effects. Second, our OM content was much higher than in the study by Camponelli et al., 2009 (40% vs 1.57%). OM is one of the dominant binding phases for hydrophobic organic chemicals as well as for many heavy metals.^[@ref58]−[@ref60]^ Therefore, the desorption of chemicals from our TP and subsequent uptake by OM can be assumed to be higher, leading to a lower bioavailability in our experiments.

Quantifcation of Car Tire TP in Body and Faeces of *G. pulex* {#sec3.4}
-------------------------------------------------------------

### Resistance of Car Tire TP to H~2~O~2~ {#sec3.4.1}

Mean dry weight (in mg) and area (in mm^2^) of the car tire tread particles before and after their addition to H~2~O~2~ and H~2~O for 24 h are shown in [SI Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf). No significant differences were found between the mean dry weight (mg) from all particles before and after the H~2~O~2~ and H~2~O treatments (Independent *t* test, p H~2~O~2~ = 0.995; p H~2~O = 0.955). No significant differences were found between the mean area (mm^2^) from all particles before and after the H~2~O~2~ and H~2~O treatments (Independent *t* test, p H~2~O~2~ = 0.968; p H~2~O = 0.974). Furthermore, the difference in area and weight before and after each treatment was not statistically different between H~2~O~2~ and H~2~O treatments (Independent *t* test, *p*~weight~ = 0.168; *p*~area~ = 0.385). These results indicate that the treatment with H~2~O~2~ did not affect mass and area of the TP, and thus is not expected to affect the number of car tire TP found in the body and faces of *G. pulex.*

### Ingestion of TP by *G. pulex* {#sec3.4.2}

One-way ANOVA revealed significant differences in the number of black particles with a size range of 10--586 μm found per organism in the body and faces of *G. pulex* exposed to the control treatment (TP concentration of 0% sediment dry weight) and 10% car tire TP in sediment (ANOVA, *p*~Body~ = 0.008; *p*~Faces~ = 0.001) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Significant differences in the number of particles with the same characteristics were also found between organisms of *G. pulex* exposed to 3 and 10% car tire TP in sediment dry weight (ANOVA, *p*~Body~ = 0.037; *p*~Faces~ = 0.003) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). After correcting for the number of black particles with a size range of 10--586 μm in controls (TP concentration of 0% sediment dry weight), considering them as contamination of the samples, an average of 2.5 and 4 car tire TP per organism were found in bodies and faces of *G. pulex* exposed to 10% car tire TP in sediment, respectively. Size frequency of the particles found in bodies of *G. pulex* ranged from 14 to 272 μm, with an average size of 66 μm ([SI Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)). Size frequency of the particles found in faces of *G. pulex* ranged from 14 to 555 μm and had a mean size of 65 μm ([SI Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf)). Although the average particle size found in bodies and faces of *G. pulex* were similar to the ones reported for PS microplastics, the upper size range was higher for car tire TP than for PS microplastics.^[@ref26]^

![Number of black particles with a size between 10 and 500 μm found per organism in the body (white column) and faces (stripped column) of *G. pulex* after the exposure to 0, 3, and 10% car tire TP in sediment dry weight (DW) for 28 days. Error bars are mean ±1 SD *n* = 3.](es-2018-050358_0004){#fig3}

When calculating the number of car tire TP at 10% sediment dry weight, using the average density given by Verschoor et al., 2017 for TWP (1.20 g/cm^3^), a value of 5.28 × 10^8^ is obtained.^[@ref61]^ If we calculate the trophic transfer factor (TTF)^[@ref62]^ for car tire TP at 10% sediment dry weight as the number concentration in *G. pulex* divided by the number of car tire TP in the sediment, we get a TTF of 4.7 × 10^--9^. In an earlier study,^[@ref26]^ we reported a TTF of (4.47 ± 0.35) × 10^--11^ for PS microplastics retained by *G. pulex*. This indicates that the TTF for car tire TP is approximately 100 times higher than the TTF of PS microplastics. A total of 1.4 and 5.9 PS microplastics per organism were retained and egested, respectively, at 10% PS microplastics in sediment dry weight.^[@ref26]^ This indicates that, although the number of car tire TP retained by *G. pulex* was higher than the number of retained PS microplastics, the total number of PS microplastics ingested was similar (1.4 + 5.9 = 7.3) as the total number of car tire TP ingested (2.5 + 4 = 6.5). When comparing this value with the number of PS microplastics found in the sediment at the same dose of 10%, which was 3.15 × 10^10^ PS microplastics, we realize that at the same %, a lower number of car tire TP are found in the sediment. This is due to the higher density of the car tire TP, as well as the presence of a higher number of smaller particles (10--20 μm) in the car tire TP mixture in comparison to the PS microplastics used before.^[@ref26]^

General Discussion and Implications {#sec3.5}
-----------------------------------

Our study showed that car tire TP, including chemicals associated with this material, did not negatively affect four freshwater benthic invertebrates, even at concentrations of 10% sediment dry weight. This implies that car tire TP effects can be more mild or even absent under ecologically relevant conditions than suggested in elutriate tests.^[@ref10],[@ref19],[@ref22]^ As the maximum Predicted Environmental Concentrations (PEC) in sediments range from 0.3 to 155 g/kg dry weight,^[@ref9]^ we can conclude that car tire TP pose a low risk to freshwater benthic invertebrates. This is in agreement with previous studies evaluating the effects of TRWP mixed with sediments on aquatic organisms.^[@ref21],[@ref24]^ However, potential long-term effects caused by the slow release and gradual environmental increase of bioavailable zinc and other substances caused by aging of rubber particles are not expressed by these experiments. For *G. pulex*, the ingestion of car tire TP was demonstrated after a 28 day exposure to 10% car tire TP in sediment. An average of 2.5 and 4 car tire TP were found in bodies and faces of *G. pulex* at this concentration, respectively. This ingestion did not led to negative effects on its survival, growth, or feeding rate. In contrast, in an earlier work, the ingestion of another particle type (PS microplastic) was found to cause a reduction in the growth of the same species, using the same methodology.^[@ref26]^ In both cases, particles ingested by *G. pulex* were found to have a similar average size (57--66 μm).^[@ref26]^ This demonstrates that implications of particles probably may be case-specific and that the probably multicausal mechanisms underlying such effects need further attention.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.est.8b05035](http://pubs.acs.org/doi/abs/10.1021/acs.est.8b05035).Car tires used for the manufacturing of TP (Table S1); instrumental settings to analyze car tire TP (Table S2); polymer pyrolysates detected in the used car tire TP (Table S3); mean temperature, pH, DO and EC (Table S4); Zn, S, Cd, Cr, Cu, Ni, and Pb concentrations (Table S5); concentration of PAHs (Table S6); mean dry weight and area of car tire TP before and after addition to H~2~O~2~ and H~2~O for 24 h (Table S7); particle size distribution of the car tire TP (Figure S1); pictures of the car tire TP (Figure S2); weight loss of individual car tire TP and their mixture (Figure S3); pyrogram of the analyzed car tire TP (Figure S4); nominal against measured Zn concentration in TP-sediment mixtures (Figure S5); feeding rate of *G. pulex* and *A. aquaticus* (Figure S6); size frequency the car tire TP measured in the body (Figure S7) and faces (Figure S8) of *G. pulex* ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b05035/suppl_file/es8b05035_si_001.pdf))
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